Abstract: In this paper, a reduced graphene oxide/maghemite (rGO/ÀFe 2 O 3 ) nanocomposite film was used as the sensing layer using surface plasmon resonance (SPR) technique. The fabricated SPR sensor was based on a trilayer structure in which the rGO/ÀFe 2 O 3 nanocomposite layer was sandwiched between two gold layers. The SPR sensor was tested with hydrocarbon materials such as acetone, ethanol, methanol, and propanol. Based on the findings, the resonance angle shift with the presence of acetone is 1.891°, the largest among other hydrocarbon materials. The sensitivity of resonance angle shift toward acetone concentration is 0.0368°/%. These results demonstrate the massive potential of rGO/ÀFe 2 O 3 nanocomposite material for optical sensing applications.
Introduction
Recently, maghemite ( À Fe 2 O 3 ) nanoparticle (NP) has spurred intense research activities [1] due to its potential application in industry, bioengineering [2] , [3] , biosensors, gas sensors [4] , and magneto-optical devices [5] . À Fe 2 O 3 -NP is a non-toxic material with good thermal and chemical stability. It has been used to pacify biological active component and bio-tagging of drug molecules [1] . À Fe 2 O 3 -NP obtains different activity when a variety of bonds is assembled on the surface. The main advantage of nanomaterials is the high ratio of surface to volume. Hence, the performance of À Fe 2 O 3 -NP is related to its specific surface area. However, pure À Fe 2 O 3 -NP has a tendency to aggregate, thus diminishing the surface functionality [6] .
Therefore, À Fe 2 O 3 -NP is combined with other materials, such as reduced graphene oxide (rGO), GO, or conducting polymer for optimum characteristics. The selection of rGO as a matrix for nanomaterial is due to its exceptional chemical, thermal, mechanical, optical and electrical properties [7] - [9] . rGO-based nanocomposites at very low concentration reveal considerable enhancements in their unspecific aspects of multifunctional application compared to conventional composites materials. This composite material is not only lightweight but stronger as well. It resists the environmental effects in various applications [10] , [11] . The exceptional properties of rGO sheets can improve the physicochemical characteristics of the host matrix particles upon distribution [12] . This helps in increasing and strengthening the interfacial adhesive bonds between the rGO sheets and the host matrix [11] . Graphene-based À Fe 2 O 3 nanocomposites have been studied for various applications such as energy storage (battery) [13] - [15] , supercapacitors [16] , water splitting [17] , and electromagnetic wave absorbers [18] . Interestingly, no investigation has been performed on the use of this nanocomposite for sensing purposes.
In this study, the rGO/ À Fe 2 O 3 nanocomposite was prepared and used to detect hydrocarbon materials using prism-based surface plasmon resonance (SPR) technique. This nanocomposite layer was sandwiched between two gold layers to form a trilayer optical sensor. The developed optical sensor was tested with acetone, ethanol, methanol and propanol to ascertain the nanocomposite feasibility for sensing applications. The experimental findings indicate that the rGO/ À Fe 2 O 3 nanocomposite layer is sensitive to hydrocarbon vapor with higher selectivity to acetone. To the best of the authors' knowledge, this is the first work highlighting the potential of rGO/ À Fe 2 O 3 matrix as an active material for other nanocomposite-based chemical sensing applications.
Materials
In this experiment, the rGO/ À Fe 2 O 3 was synthesized using a modified Hummers method [19] . To synthesize rGO/ À Fe 2 O 3 nanocomposite, 100 mg of Fe 2 O 3 nanopowder (Sigma Aldrich, size < 100 nm) and 100 mg of dry GO (1 mg/ml) were mixed and grounded into fine powder. The collected powder was thermally reduced at 1,000°C in a preheated furnace for 30 seconds at ambient atmosphere. Fig. 1 (a) and (b) exhibit the TEM pattern and analysis of the rGO/ À Fe 2 O 3 material. The TEM image shows the À Fe 2 O 3 nanoparticle in spherical shape attached to a graphene oxide sheet, and the average particle size is about 38 nm as indicated in Fig. 1(b) . Fig. 1(c) shows the G peak result from sp 2 vibration plane of carbon atoms and is the most distinguished feature of almost graphitic materials. The D peak is normally induced by defects in the graphene lattice. The intensity ratio between G and D band can be applied to identify the number of defects in a graphene layer I D =I G ¼ 0:79. The 2-D peak, as well as its intensity relative to the G peak, can be used to specify the number of graphene oxide layers [21] . Fig. 2 depicts the UV visible spectrum of the rGO/ À Fe 2 O 3 nanocomposite layer on glass substrate in the range of 220 nm to 800 nm. The classic absorption peak of rGO is about 220 nm and with the presence of metal oxide, the absorption peak is shifted to longer wavelength at 242 nm. Therefore, it authenticates the presence of À Fe 2 O 3 decorated on the rGO sheet.
Instrumentation
SPR is an optical-electrical phenomenon caused by charge density oscillation at the interface of two media with dielectric constants of opposite polarity. This phenomenon is the basis of SPR sensing for detection of molecules. This technique is sensitive to changes of refractive index with respect to the thickness of metal layer as well as sensing layer. Fig. 3 shows the prism-based SPR setup based on the Kretschmann configuration. The setup contains a helium-neon (He-Ne) laser at 633 nm emission wavelength, a chopper (New Focus, 3501), a polarizer, refractive index prism ðn ¼ 1:515Þ, a sensing layer, a homemade chamber, and a photodetector (Thorlabs, PD A100A). The prism was placed on a precision rotation stage (Sigma KoKi, SGSP-60 YAW-0B). The polarizer passed the transverse-magnetic mode of the laser and the photodetector measured the intensity of reflected laser from the sensing layer.
The sensing layers were prepared on the microscope glass slide and attached to the high index prism using an index-matching liquid (Newport). Two cubic centimeter of the hydrocarbon liquid was injected inside test chamber and the hydrocarbon was released to evaporate and interact with the sensing layer in this chamber. 
Fabrication of Sensing Layers
In this work, the fabrication of sensing layers was made for two separate sensors; trilayer and bilayer. The thickness of sensing layers must first be optimized. This can be achieved by using a model based on the Fresnel reflection theory as extensively derived in [21] . For the trilayer sensor, 37 nm Au layer was deposited first on a microscope glass slide using a sputter coater (K757X Turbo) before the rGO/ À Fe 2 O 3 nanocomposite sensing layer was introduced. To deposit this nanocomposite, 0.1 gram of rGO/ À Fe 2 O 3 was sonicated in ethanol (100%) for 10 min. After that, the suspension was spread on the Au layer using a portable air brush (Model: AC05BK) for 30 seconds and then heated to dry at 80°C for 10 min, forming a 3 nm nanocomposite layer. The third layer was achieved by coating another 2.7 nm thickness of Au layer on top of the rGO/ À Fe 2 O 3 nanocomposite sensing layer using the same sputter coater (K757X Turbo). For comparison purpose, a bilayer sensor composed of 49 nm Au layer and 3 nm rGO/ À Fe 2 O 3 nanocomposite layer was fabricated using the same preparation procedure as described above. By matching the experimental response from multiple samples with different deposition time to simulation output of various thickness derived from the multilayer equation reported in [21] , the deposition rate for both sputter coater and spray coater can be determined, allowing control over the thickness of each layer through variation of deposition time.
Sensing Performance
In this experiment, the developed trilayer SPR sensor is tested with different hydrocarbon materials; acetone, ethanol, methanol and propanol. These materials are chosen based on the same characteristic; all can be easily vaporized at room temperature. The three materials are prepared with variations of concentration from 10% to 50%. The baseline of SPR response is based on the measurement of the trilayer sensor with air. Subsequently, a small amount of the hydrocarbon liquid is dropped in the enclosed chamber. The level of liquid does not cover the area of interaction, which is normally in the middle of the prism. The SPR signal is observed 5 minutes after the hydrocarbon liquid is loaded into the chamber. Fig. 4(a) depicts the SPR signal of rGO/ À Fe 2 O 3 sensing layer toward air and acetone with different concentrations. The resonance angle (minimum reflectance) increases in tandem with the acetone concentrations. When the sensing layer is exposed to the vapor molecules, the rGO/ À Fe 2 O 3 sensing layer works as an active material for hydrocarbon vapor and interacts with the rGO layer due to the hydroxyl group in hydrocarbons [22] . This means that any change occurring in the rGO/ À Fe 2 O 3 sensing layer due to chemical absorption, would induce a change in the graphene's reflectance layer. The relative reflected power at the interface between metal and dielectric depends on the refractive index of media, thus the resonance curve is shifted from its baseline.
It is also worth noting that the minimum reflectance as well as the angle shift increases with the increment of acetone concentration due to changes in thickness of sensing layer as the concentration varies. This behavior can also be attributed to surface morphology and porosity. The shift of resonance angle increases with increasing porosity due to large surface area of the sensing layer. For surface plasmon vapor sensors, target vapors diffuse in the sensing layer through pores and interact with surface of rGO, prompting changes in the optical properties [23] . The inclusion of À Fe 2 O 3 creates larger pores in the rGO film, thus allowing the gas molecules to freely enter the film. Resultantly, the adsorption of gas vapor is not restricted to the surface of the thick film, and is eventually depicted in the higher shift of the rGO/ À Fe 2 O 3 film [24] .
In order to verify the selectivity of rGO/ À Fe 2 O 3 sensing layer towards hydrocarbon vapors, the measured resonance angle shifts with respect to different hydrocarbons are investigated as illustrated in Fig. 4(b) . Based on these findings, the rGO/ À Fe 2 O 3 layer is found to be insensitive to methanol. This is a contrast to the behavior observed for Au-and Au/TiO 2 -based SPR transducers, which were found to be sensitive to methanol [25] , [26] . Meanwhile, the maximum shift of resonance angle for ethanol and propanol are 0.606°and 0.418°, respectively. This is expected since Au alone is more sensitive towards ethanol and propanol compared to methanol [26] . The same trend was also observed with the use of SPR with organic-inorganic hybrid layers [27] . In comparison, the maximum shift is 1.891°for acetone. The calculated sensitivity is 0.0368°/% for acetone and its curve fit shows a good linearity with 0.9804 linear regression coefficient. From this linear response, no significant saturation effect is observed. It is apparent that the rGO/ À Fe 2 O 3 sensing layer is more sensitive towards acetone compared to ethanol, propanol, and methanol. High sensitivity to acetone can also be achieved through the use of WO 3 sensing layer but this nanosensor performance is highly susceptible to temperature variation [28] . On the other hand, Ag triangular nanostructure SPR demonstrated good response to acetone as well but the system was more sensitive towards ethanol making selectivity an issue [29] .
The acetone sensitivity compared with other types of hydrocarbons is higher due to its carbon number and evaporation rate [30] , [31] . Table 1 shows the carbon number and evaporation rate for all hydrocarbons used in the experiment. It is clearly seen that acetone has the highest evaporation rate and maximum carbon number. Propanol has higher carbon number than ethanol; however, its resonance angle shift is almost similar to ethanol's. On the other hand, the shift in resonance angle is also dependent on the evaporation rate. Since the evaporation rate of ethanol is higher than propanol, the lower number of ethanol carbon atom can be compensated. As a result, the response on the resonance angle is almost identical for these two hydrocarbons. Methanol exhibits minimum interaction with the rGO/ À Fe 2 O 3 sensing layer. Although its evaporation rate is higher than ethanol and propanol, it has the smallest number of carbon. This indicates that both carbon number and evaporation rate are highly influential on the resonance angle [30] , [31] .
Sensor Stability
The stability of the sensor is very crucial to produce reliable and consistent results. In this case, the proposed trilayer sensor stability is investigated in comparison with a conventional bilayer sensor (49 nm Au and 3 nm rGO/ À Fe 2 O 3 thickness layer). Both sensors are exposed to 10% acetone concentration for 10 minutes and the SPR response is recorded at 5 minutes interval. For the bilayer sensor as depicted in Fig. 5(a) , the resonance angle shifts from 44.465°(5 minutes) to 44.844°(10 minutes). The SPR signal shifts to the larger angle owing to the occupancy of hydrocarbon molecules in the rGO/ À Fe 2 O 3 sensing layer. Furthermore, the resonance dip gets weaker with longer exposure time. This suggests that the bilayer sensor is not stable and requires a longer recovery time. On the other hand, the SPR curves at 5 and 10 minutes are identical for the trilayer sensor, as depicted in Fig. 5(b) . There is no significant degradation of SPR curve between 5 and 10 minutes. These results prove that the trilayer sensor is stable and able to achieve the saturation point in a shorter response time. This is due to the presence of the third layer (Au layer), which has a thickness of only 2.7 nm. It appears as sparsely distributed white areas on the rGO/ À Fe 2 O 3 layer as portrayed in the SEM image (see Fig. 6 ). This Au layer promotes better SPR interaction of the fabricated sensor, leading to substantial improvement of the SPR response. Fig. 7 shows the sensogram of resonance angle shift against time. The response of the sensor indicates that the average saturation time is around 4 minutes for all concentrations from 10% to 50%. It is apparent that the SPR angle shifts have a good agreement with the curve fit of Langmuir equation for adsorption of monolayer on the surface, which is Áðt Þ ¼ Á tr ½1 À expðÀðk a t ÞÞ, where t is the response time, Á tr is the terminal value of the resonance angle shift, and k a is the rate constant of the sensing layer [27] , [32] .
Conclusion
In this study, selective hydrocarbon vapor detection based on the SPR technique is demonstrated by introducing rGO/ À Fe 2 O 3 nanocomposite material as the sensing layer. The sensor is designed in a trilayer structure, Au-rGO/ À Fe 2 O 3 -Au with thickness of 37 nm, 3 nm, and 2.7 nm, respectively. The proposed trilayer sensor is tested with various hydrocarbon materials such as acetone, methanol, ethanol and propanol. The adsorption of hydrocarbon vapor is owing to the diffusion of molecules through pores in the sensing layer that alters the refractive index. This optical property alteration can be detected and quantified from the resonance SPR angle shift. Based on the experimental results, the rGO/ À Fe 2 O 3 nanocomposite layer is sensitive to acetone vapor with sensitivity of 0.0368°/%. This highlights the promising potentials of rGO/ À Fe 2 O 3 nanocomposite layer for selective and sensitive acetone detection.
